To the Editor:
Optical imaging of voltage and calcium in the heart, which we pioneered 2 decades ago, [1] [2] [3] is indeed an important and increasingly more valuable technique in the investigation of arrhythmia mechanisms, and we concur that significant advances in the field justify a review of recent progress. In their recent review of the topic, Herron et al tackle a presentation of the essential components that are necessary to build state-of-the-arts optical mapping instruments. 4 Given that the primary goal of Methodological Reviews in Circulation Research is "to provide articles that will be useful to all investigators, but especially to early-career investigators," we felt it worthwhile to clarify and/or elaborate on a number of issues that received partial coverage in this review.
The discussion of organic dyes and genetically encoded Ca 2ϩ sensors deserves a more extensive discussion of the literature and an acknowledgement of known limitations. The hallmark study of Salzberg et al 5 showed for the first time that a fluorescent dye, Merocyanine 540, could be used to measure action potentials from squid giant axons. But the study also exposed the impractical value of this dye in neurons because photodynamic effects and photobleaching of the dye limited the measurements to a few seconds. 5 More encouraging results were obtained with Merocyanine dyes applied to amphibian hearts, where, unlike in neurons, fluorescence action potentials could be measured for many hours with a high signal-to-noise ratio (Ն100). 6, 7 Still the high S/N ratio was difficult to achieve because of the small fractional fluorescence (1% per 100 mV) and/or absorption (0.1% per 100 mV) changes that were obtained from this class of dyes. The search for dyes with reduced photodynamic effects and greater ⌬F/F began in earnest, leading to the discovery of di-4 -ANEPPS, which has been the potentiometric dye of choice because of its brightness, low levels of phototoxicity, and large ⌬F/F (8%-12%). 8 The main message that was not addressed is that it is often counterproductive to increase dye staining or excitation intensity to increase S/N ratio of optical action potentials because these conditions lead to greater photodynamic damage and run-down of the cardiac preparations, particularly single cells or monolayers. Moreover, increased staining with voltage-sensitive dyes was shown to increase contractility, which further compounds the challenge of dealing with motion artifacts in measurements of fluorescence action potentials. 9 The affinity and Ca 2ϩ -binding kinetics of Ca 2ϩ sensors present yet another challenge to be reckoned with. For example, the kinetic limitation of genetically encoded Ca 2ϩ were reported for transgenic mice expressing GCaMP2 where it was shown that at short cycle lengths (Յ200 ms) intracellular Ca 2ϩ transients measured with GCaMP2 did not fully recover to baseline, whereas at longer cycle lengths (200 ms) GCaMP2 and Rhod-2 had similar kinetics. 10 Hence in rabbit hearts and myocytes derived from human induced pluripotent stem cells, GCaMP2 yields Rhod-2-like signals.
Another topic that would benefit from further elaboration is the selection of photodetectors, which focused on the most inferior of today's technology, CCD cameras. 11 Two alternatives, photodiode arrays (PDAs) and CMOS cameras offer superior dynamic range and spatio-temporal resolution. Although Hammamatsu and Centronic Ltd have discontinued the manufacture of PDAs, RedShirts still offers a PDA system. Nevertheless, important advantages of PDAs were not considered, namely scan rates, dynamic range, accuracy and sensitivity. With flash A/D converters, data acquisition rates are only limited by cost and can readily surpass CCD and CMOS rates. A main advantage is the dynamic range of PDAs of 10 6 compared to CCDs (10 3 ) or at best 10 4 . 11 In addition, PDA signals can be alternating current coupled with long time constant and background fluorescence can be subtracted with analog circuitry before digitization making it possible to take the full measure of digitization range (14 bit) and achieve considerably greater accuracy than any other photodetector. This feature of PDAs was critical to measure small changes in membrane potential to detect atrioventricular node action potentials 12 and "virtual electrode" and electroporation effects caused by electric stimulation. 13 The high sensitivity of PDAs is a unique consequence of the large dimensions of individual diodes and the ability to control the feedback resistor of current-to-voltage converters to image with low and high light intensities. Thus, despite their relatively low spatial resolution and the challenge of developing the amplifier circuits and digitizers, for certain applications, PDAs offer advantages that cannot be matched by CCDs or CMOS.
Fluorescence imaging at high spatial resolution but low dynamic range and low temporal resolution was first used to visualize ocular dominance and orientation selectivity from the primate visual cortex using a Newvicon video camera. 2 Camera technology progressed to CCD sensors but CMOS cameras are a game changer offering considerable advantages compared to CCDs by achieving outstanding acquisition rates (up to 10,000 frames/second), high dynamic range (10 5 ), high spatial resolution, low background noise, and large pixel dimensions. 11, 14 Based on our experience with all 3 technologies, PDA, CCD, and CMOS, we would venture to surmise that scientific (large format) CMOS cameras will dominate in research instruments and will replace the relatively inferior CCD technology.
Simultaneous mapping of voltage and intracellular calcium was first developed using 2 PDAs aligned to view the same region of epicardium. 15 At the time, other options were considered such as 1 photo-detector and alternating excitations and emission filter obtained with high-speed shutters, air-turbine, or motor driven spinning disks with 4 or 8 optical filter mounted on the spinning wheel. These options like ultrabright light-emitting diodes have the same disadvantage, which is a considerable loss of light (Ϸ60%) because the sensor detect each fluorophore for 50% of the time less the switching-time needed to alternate between wavelengths (Ϸ10%).
In principle, multiparametric fluorescence imaging can be accomplished by using superluminescent light-emitting diodes with 4 different excitations wavelengths and different emission wavelengths, as proposed in Figure 1 in Herron et al. 4 However, fluorescent probes must be selected judiciously to avoid crosstalk among the various probes while attempting to monitor independent parameters. In particular, cross-talk will be a serious impediment if the emission of 1 probe falls in the range of the excitation spectrum of a different probe costaining the same preparation. The problem is aggravated when the absorption and fluorescence of a probe change as a function of voltage or ionic concentrations.
In summary, advances in scientific CMOS cameras, computer automation for image acquisition and analysis, and the development of new selective fluorescent probes and genetically encoded sensors will propel this technique to tackle new and increasingly more complex problems. For new investigators, the future is bright.
Editor's Note
Please note that in the original version of Herron et al, 4 Figure 2 was incorrectly attributed to the wrong source. A correction properly attributing Figure 2 to the present authors' data has been issued.
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